In the second volume of his "Treatise on Electricity and Magnetism" Clerk Maxwell developed the theory of electric current-circuits from general dynamical principles, and discussed the experimental effects which should occur if an electric current is a true motion of some substance possessing inertia. Since none of these effects had at that time been observed, Maxwell developed his general electromagnetic theory on the assumption that they do not exist, or at least that they produce no sensible effect.
(The paper was first received 12th April, and in revised form 13th June, 1955 .
September, 1955.) SUMMARY In the second volume of his "Treatise on Electricity and Magnetism" Clerk Maxwell developed the theory of electric current-circuits from general dynamical principles, and discussed the experimental effects which should occur if an electric current is a true motion of some substance possessing inertia. Since none of these effects had at that time been observed, Maxwell developed his general electromagnetic theory on the assumption that they do not exist, or at least that they produce no sensible effect.
It is now known, however, that an electric current in a conductor consists of moving electrons, and the inertia effects which were discussed by Maxwell have been observed experimentally. They are extremely small, and have not been brought within the scope of electromagnetic theory. A conduction current is usually assumed to be due to the drifting along the conductor, with a very small mean velocity, of all the available conduction electrons, so that the kinetic energy of the electrons due to this motion is negligible in comparison with the magnetic energy of the current. Electron-inertia effects in current circuits have therefore been accepted as something outside classical electromagnetic theory-a position which is illogical if, as is usual, we identify the kinetic and magnetic energies of a free electron.
It is shown in the paper that it is possible to identify the kinetic energy of the conduction electrons in a current circuit with the magnetic energy of the current, so that electron-inertia effects can be included in the general electromagnetic scheme. In consequence, a current circuit can be said to possess an electromagnetic mass whose motion, when current flows, entails electromagnetic momentum. This momentum accounts for the known effects of electron inertia and also for the force on the end wire of a long rectangular circuit.
The relativistic form of the theory indicates the possibility that electromagnetic laws may depart from the classical form, becoming non-linear in circuits where a high inductance per unit length of conductor is combined with a current greater than is usually found in practice.
The inadequacy of classical theory also extends to the known electromagnetic properties of superconductors, and the present hypothesis suggests the possibility of a unified theory in which there would be no necessity to distinguish between a superconductor and a perfect conductor. (1) INTRODUCTION It is a common practice in electromagnetic theory to regard the magnetic energy of a current circuit as electrokinetic, and to compare the expression \Ll 2 with the kinetic energy of a moving mass, %mv 2 . It is the purpose of the paper to show that the magnetic energy of a current circuit can be identified with the kinetic energy of the mass-equivalent of the total electromagnetic energy of the conduction electrons. The concept of electromagnetic momentum in a current circuit will then be used to determine the force on the end wire of a long rectangular circuit, and to bring the known effects of electron inertia in a circuit within the scope of electromagnetic theory.
LIST OF SYMBOLS
(2) ELECTROMAGNETIC MASS OF A MOVING CHARGED PARTICLE Fig. 1 shows a small positive charge, q, moving in free space with a constant velocity v in a straight line. The electromagnetic field at a point P(r, a) consists of a radial electric field of intensity E and flux density D = € 0 E, together with a magnetic field whose 
where E n is the component of E perpendicular to the velocity. The flux density is
If v is comparable with c the particle suffers the Lorentz contraction, and becomes an oblate spheroid whose polar axis is 
where
The magnetic field is still given by
According to classical electromagnetic theory we also have, at the point P, (a) a flux of electromagnetic energy given by the Poynting vector S = E x H (8) which is the rate at which energy passes through unit area normal to S, and (b) an electromagnetic momentum per unit volume of the field.
Both S and p are shown in Fig. 1 . They are directed inwards towards the path of the charge, at an angle TT/2 -a to the direction of motion. The classical interpretation of eqn. (8) is that, as the position of the charged particle changes, the electromagnetic energy at stationary points in the medium or aether is maintained at appropriate values by the flow, with velocity c, of energy in the medium. There is, however, an alternative viewpoint which merits investigation. Since the velocity of the charge is constant there is no change in the total energy of the system, and for an observer moving with the particle there is no flow of electromagnetic energy at all. Tf, therefore, the electromagnetic energy is regarded as belonging to the particle, rather than to the medium, it is reasonable to suppose that when the particle moves it takes the energy with it, with its own velocity v.
If we define the electromagnetic mass of the particle, M e , by the relation (for v < c) \M e v 2 = magnetic energy it is easy to show that
(ID where R is the radius of the charged sphere. Now let m e be the electromagnetic mass per unit volume of the field, and suppose this mass to move, with the charge, with velocity v. We then have so that or p=D n xB (14) which is the component of the classical electromagnetic momentum, D x B, in the direction of the motion of the charged particle.
If we similarly resolve the Poynting vector S, we find the flux of energy in the direction of motion to be H=- or S e = E tt . .
(15)
We next suppose that this represents the motion of electromagnetic energy with velocity v, moving with the charge. Its volume density will be £ H 2 rj -zi -
This is obviously not the magnetic energy, \HB, for it is far greater. B u t if we use t h e mass-energy equivalence we find a direct relationship between these t w o energy densities. T h e mass of the energy U is We therefore see that (a) The magnetic energy of the moving charged particle can be completely identified with the kinetic energy of the mass of the moving energy U.
(b) The electromagnetic momentum in the direction of motion is merely the momentum of the mass of the energy U.
It should, however, be noted that eqns. (12)- (17) cannot be regarded as providing an accurate microscopic account of the energy of the field. The expression for m e given by eqn. (12) does not possess spherical symmetry about the particle, but symmetry about the direction of motion, so that it cannot be an accurate detailed description of the energy-mass distribution of a stationary spherical charge. The quantities m e , p, S v and U must therefore be regarded as functions which possess physical identity only when integrated throughout the complete volume of the field.
Since we assume that v is small compared with c, we neglect in the first instance the mass of the kinetic energy. This involves a relativistic modification, which will be considered later. If the electromagnetic mass M e is the only mass possessed by the particle (e.g. if the particle is an electron and we assume that its mass is entirely electromagnetic), then clearly the energy U is the total mass-energy of the particle, or the energy which would be liberated if the particle disintegrated into electromagnetic radiation.
If a charged sphere is stationary or moving with a velocity v < c, and if the charge is uniformly distributed on the sphere, the energy of its electric field is easily found to be
W =

STT€0R
which has a mass-equivalent 877-i? (18) (25) and to q 2 a flux of energy with velocity v 2
If v x and v 2 are parallel or anti-parallel, these reduce to the simple forms
. . (27) where E nX and E n2 are the components of E x and E 2 perpendicular to the velocities. In addition, the charge q x carries a self-energy flux S sX = E nX x H x with velocity v x , and q 2 carries a self-energy flux 5^2 = E n2 x H 2 with velocity v 2 . So the total energy flux carried by each charge is = S s2 S m2 = E m2 n2
• . (28) where and since this combination can be continued indefinitely for additional charges moving with the same velocity, it follows that eqn. (29) applies to any rigid configuration of charges in uniform rectilinear motion, and that eqn. (28) is valid for the two lines of moving charge in two parallel conductors.
(3.
2) The Effective Mass of a Conduction Electron Experiments on electron inertia in closed conducting circuits (see Section 11.2) have shown that the ratio e/m for a conduction electron in a current-carrying conductor is approximately the same as that obtained in experiments on low-energy cathode rays, i.e. the effective mass of a conduction electron is approximately the same as the rest mass of a free electron.
According to Section 3.1, however, the mass of the particle q { is a function of the mutual energy of q x and q 2 as well as of its self-energy. Let us examine the probable order of magnitude of this effect for a conduction electron.
First Nearer to q { this ratio will be greater. It is therefore evident that the effective electromagnetic mass of a conduction electron will not differ, according to this hypothesis, appreciably from that of a free electron. rigidly together, but the end wire DA makes contact with the rest of the circuit by means of mercury cups, so that the force on this member can be measured. Then the force on this end wire can be calculated from a knowledge of the magnetic field, at points on DA, due solely to the current in the three sides AB, BC and CD, and calculated from the law of Biot and Savart for the magnetic field of a current element:
where l8s is the current element and r is the radius vector from the element to the point where the field is 8H. The force on a current element I'8s' at the point is then F = /* 0 /'(oV x 8H), which is not, in general, equal to the force on I8s due to the magnetic field of the element I'8s'. So the resultant force on the three-sided portion AB, BC, CD is not that which would be calculated from the magnetic field of the other portion, DA, alone, acting on the current in the three sides. Since the force on each side is perpendicular to the wire, the resultant force on the three sides is merely that on BC. But the magnetic field at BC due to DA alone, as calculated from eqn. (30), is very small and approaches zero as the length of the circuit increases. Thus, if the circuit is very long the force on the end wire DA is due entirely to the magnetic field of the two long sides, but the forces on these long sides are not due to the magnetic field of the current in DA alone. If, as in Maxwell's original theory, the electromagnetic field is regarded as a physical condition in a material medium or aether, the reaction of the force on the end wire is considered to be borne by the medium in the vicinity and transmitted by stresses in the medium to the other end wire. It is, in fact, only since the concept of a material medium has fallen into obsolescence that problems of this kind have caused discussion, 1 "
7 for there appears to be nothing to take the place of the medium as an agent for transmitting the force. We shall show that such an agent is provided by the momentum of moving energy.
First let us calculate the force on the end wire by the usual method. Assume the length of the circuit to be great in comparison with its width, and let the self-inductance per unit length (two wires) at points remote from the ends be L o . Suppose the wire DA to move a small distance 8x under the action of the force F, thus increasing the length of the circuit by 8x. Assume that the current / is maintained constant during the displacement. Then the magnetic flux Unking the current increases by 8<I> = L o l8x, so that an e.m.f. V e = -SO/8/ is induced, and in order to keep the current constant additional energy must be supplied, from the source, of amount
The magnetic energy of the circuit increases by an amount %L 0 I 2 8x, and since the energy supplied must be equal to the mechanical work done by the force F plus the increment in magnetic energy, we have = F8x
or, if L is the total inductance of the circuit (32) (4. 2) The Flow of Electromagnetic Momentum In order to interpret the force F given by eqn. (32) in terms of energy momentum, we distinguish the components of electric field arising from the positive and negative charges in the conductors. We shall simplify the problem by assuming that the parallel wires have the same uniform section and negligible resistance, so that the electric field between them, except near the ends, is perpendicular to the current flow and the potential difference between them is constant. The end wire then provides a resistance "load" on the long transmission line. Fig. 4 (a) shows a portion of the circuit remote from the ends, and Fig. A{b) is a cross-sectional view. We consider each conductor to contain the same quantity of stationary positive charge in its structure per unit length. The current in conductor 1 is provided by the motion, with a mean velocity v u of conduction electrons whose charge per unit length is />,, and the current in conductor 2 is provided by the motion, with mean velocity v 2 , of conduction electrons whose charge per unit length is p 2 . The direction of motion is, of course, opposite to that of the current, and />! and p 2 are very nearly equal. Clearly p v v i = p 2 v 2 -I.
Then at any point P we recognize four components of electric field, all perpendicular to the wires, namely E\ from the conduction electrons in conductor 1. E 2 from the conduction electrons in conductor 2. £3 from the stationary positive charge in conductor 1. £4 from the stationary positive charge in conductor 2.
and this is deflected at the end wire at the rate These components are in the direction shown in Fig. 4(a) . The components of the magnetic field intensity, arising from the motion of the sources of E v and E 2 , are shown in Fig. 4 so that the total rate of change of momentum at the end wire is
where L o is the inductance of the circuit per unit length of the transmission line. We shall see later that the electromagnetic momentum can be identified with the momentum of the conduction electrons, so according to our hypothesis the force on the end wire in a very long rectangular circuit is entirely due to electron inertia. The force between the two side wires cannot, of course, be explained in this way, except in a short region near the corners of the circuit. The force between two long parallel current-carrying conductors may be regarded as arising from a very small unbalance of the mutual forces between the electric charges in the wires, some of which are moving and some of which are stationary.
It is evident that this hypothesis of moving energy-mass leads directly to the conclusion that Newton's third law (equality of action and reaction) does not apply to the mutual forces of two individual current elements unless the elements are parallel to each other. The hypothesis thus gives a physical justification to the accepted classical form for the mutual force of two current elements. Ampere's law of force between two current elements, upon which Weber's electromagnetic theory was based, obeys Newton's third law whatever the direction of the current elements may be. Ampere's theory thus treats the problem from the principles of statics rather than of dynamics, and for this reason theories based upon it fail to lead to electromagnetic radiation or the equivalence of mass and energy. for we may divide this integral into two equal and opposite halves by a plane half way between the side wires and perpendicular to the plane of the circuit. The resultant total rate of energy flow towards the end wire is therefore
That is, it is the same as that given by the classical Poynting vector E x H. This energy is converted into heat in the end wire. Any change in the resultant electromagnetic field at a point is effected in accord with classical electromagnetic theory, with the velocity of an electromagnetic wave, which in free space is c. straight conductor which carries a changing current 1. The main energy flux, S v = E n x H, travels with velocity v parallel to the wire in the direction of electron flow. If the current increases at the rate di\dt, an induced electric field E { = -dA/dt is produced parallel to the wire in a direction opposite to that of the current. The classical Poynting vector S c = E-t x H is then directed radially out from the wire, and represents a flow of electromagnetic energy moving outwards with velocity c. This increases the classical field energy \{HB + ED), and may therefore be considered as providing the increment in the kinetic energy of the accelerating main energy flux. If the current decreases, E t and S c reverse, and the main energy flux decelerates.
(5) THE ELECTROMAGNETIC MASS AND CONDUCTION
CHARGE OF A CURRENT CIRCUIT If we attempt to apply the above detailed analysis of moving energy streams, whose energy density at a point is specified, to circuits of any shape it is clear that we shall encounter great difficulties; for each current element contributes its own component of energy flux, parallel to itself, at a given point, and each of these components must be considered to exist independently. We shall therefore proceed on the assumption that, in general, the total kinetic energy of the moving energy mass is equal to the magnetic energy of the circuit \LP-.
If the mean velocity of the conduction electrons in a complete current circuit can be taken to have the same value, v, at all parts of the circuit, we can then introduce the concept of the electromagnetic mass of the circuit, which we may call M o when v < c. We define M o by the relation
. . . (49)
L being the inductance of the complete circuit. The total electromagnetic momentum is then
If p is the charge of the conduction electrons comprising the current per unit length of wire, I = pv and
We now take the radical step of identifying M o with the total mass of the conduction electrons whose motion comprises the current. We have already noted that the identification of the magnetic energy of a free electron with its kinetic energy is generally accepted, so it is no more than a logical extension of this idea to postulate the same for the electrons in a complete current circuit. Indeed, a failure to do so seems to leave an untidy inconsistency in electromagnetism, however minute the practical consequences of this inconsistency may be. By making this identification, moreover, we can bring the known effects of electron inertia in a circuit into the general electromagnetic scheme-a unification which seems highly desirable.
Let the charge p consist of N conduction electrons, per unit length of wire, each of mass m 0 , so that Ne = p, where e ( < 0) is the electronic charge. If / is the total length of the wire, the total momentum of the conduction electrons is (6) THE CONDUCTION CHARGE AND ELECTRON FLOW From the last Section we see that, if the identity of M o with iV7ra 0 is to be valid, the mean velocity of the conduction electrons, assumed here to be small compared with c, must be determined both by the current and the geometry of the circuit. The charge p is also determined, or quantized, by the geometry of the circuit. This may at first sight appear to be a difficult condition. A current in a wire is often taken to be due to the motion of all the conduction electrons in the atomic structure (of the order of 10 23 per cubic centimetre for copper) drifting along the wire with a very low velocity which depends solely upon the resultant electric field in the conductor. This is not, however, a necessary interpretation of the theory of electronic conduction. Calculations 8 based on the Fermi-Dirac statistics, on the assumption of one conduction electron per atom, give the r.m.s. velocity of a free electron in copper as about 1-6 x 10 6 m/sec. This means that individual electrons have velocities somewhere within a range which extends far below and far above this figure. If we resolve the velocity of every electron along the wire, when no current is flowing, there will be equal streams of electrons in opposite directions, with a great range of velocities in each stream. When a current flows, the above hypothesis requires that it must be provided by the requisite number of electrons whose longitudinal velocities are as close as possible to the value given by eqn. (56). This condition is satisfied if the opposing streams of electrons possessing this particular mean velocity are no longer equal, so that the difference in their charge per unit length is equal to p. Provided that this theory does not lead to absurd results, such as a value for p greater than the total charge available, there seems to be no a priori objection to it. The classical law of conduction, / = E\r, where / i s the current density and r the resistivity, states that the current density is, at every instant, proportional to the resultant electric-field intensity. That is, E is regarded as the cause of the current, whereas by the present hypothesis a current continues to flow in a shortcircuited circuit because of the inertia of the conduction electrons. Classical theory requires this self-induced E because electron inertia is considered to be negligible or absent. The average force opposing the motion of the conduction electrons is -Jr per unit charge. The electrons are decelerated by this resistance to motion, and in classical theory their deceleration induces an electric field E which cancels the decelerating force. The resultant force acting on the electron, regarded as a particle without inertia, is therefore zero. So if we use our present hypothesis in a theory of conduction, we must not include a self-induced electric-field intensity.
The 
where M is the electromagnetic mass of the moving energy and M/j8 is its rest mass, not necessarily equal to M o . For simplicity we assume that the circuit is such that v is the same over its entire length, for otherwise we shall encounter great complexity. We require U m as a function of the current, and proceed on the assumption that the relation between electron momentum and flux linkage, eqn. (57) 
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We also have
• (69) This reduces to \Ll 2 if / < a, but approaches L/ 2 if / > a. The self-induced e.m.f., V e , is given by VJ = -dUJdt, whence ") which reduces to -L-r-if / < a, and approaches -2L -if / > a. at at For the toroidal coil (Section 7), l\L = 5 x 10 4 and a > 85 amp. This is greatly in excess of the current-carrying capacity of the wire. Our theory thus becomes non-linear under conditions which are outside the range of normal practice, and this departure from classical electromagnetism must also, of course, apply to the forces experienced by current-carrying conductors.
As will be noted in the next Section, Maxwell developed his general electromagnetic theory on the assumption that the carriers of current in a conductor have no inertia. A study of Chapters 5-9 of the fourth part of his Treatise will show how classical theory is deeply rooted in the general principles of dynamics, and Maxwell certainly regarded magnetic energy as kinetic. He called the vector potential A the electrokinetic momentum, but without attempting to associate with it any particular velocity. Now it is impossible to conceive the ideas of kinetic energy and momentum without accepting the concept of moving mass, which in Maxwell's day was uncomplicated by the equivalence of mass and energy and the variation of mass with velocity. It should not therefore surprise us if our present hypothesis throws doubt on the complete validity of Maxwell's equations.
(11) ELECTRON-INERTIA EFFECTS (11.1) History and Present Theoretical Position
In his "Treatise on Electricity and Magnetism" (Part IV, Chapter VI), Clerk Maxwell discussed three types of experimental effect which should exist if an electric current in a conductor is a true motion of some substance having inertia.
(a) If a circular coil is freely suspended by an axial thread with its axis vertical, any change in the current flowing in it should be accompanied by a rotation of the coil.
(b) A coil carrying current should exhibit gyroscopic effects and, if Ampere's hypothesis that ferromagnetism is due to atomic currents is correct, the same should apply to a magnet.
(c) When a rapidly rotating coil, which is part of an unenergized closed conducting circuit, is suddenly stopped, the inertia of the current carriers should cause a momentary displacement of electricity (i.e. a current) through the circuit.
Maxwell stated that no such phenomena had ever been observed, and apparently performed an experiment to test (b), but without a positive result. He showed that all three effects depend on the possible existence in the expression for the kinetic energy of a moving current-carrying conductor of a term involving the product of the velocity of the conductor and the velocity of the electricity relative to it. concluded:
We have thus three methods of detecting the existence of the terms of the form T me , none of which have hitherto led to any positive result. I have pointed them out with the greater care because it appears to me important that we should attain the greatest amount of certitude within our reach on a point bearing so strongly on the true nature of electricity.
He therefore developed his electromagnetic theory on the assumption that such effects do not exist, or at least that they produce no sensible effect, and they cannot be deduced from his fundamental equations of the electromagnetic field. Nevertheless, all three types of effect have now been experimentally observed. 9 The first successful experiments on the gyromagnetic effect were those of Barnett 10 in 1915, who succeeded in magnetizing an iron rod by rotating it. The converse effect, the production of rotation by magnetization, was observed by Einstein and de Haas 11 -13 (1915 and 1916) . A conclusion from these and later experiments is that the magnetic moment of a ferromagnetic atom must be due to spinning electrons rather than to orbital electrons. In 1916 Tolman and Stewart succeeded in detecting effect (c). Furthermore, their experiments proved that the carriers of electricity in a conduction current have a negative charge, and the ratio ejm for a conduction electron was found to be approximately the same as that for a free electron. Effect (a) was sought by Sir Oliver Lodge, 16 but was not detected until 1930, when experiments by Barnett 17 gave positive and theoretically consistent results. Barnett used alternating current, tuning the frequency so that mechanical resonance occurred, and measured the torque by removing the oscillations by means of an equal and opposite torque which could be calculated.
In the past treatment of electron-inertia effects it has been usual to take the momentum and kinetic energy of the conduction electrons as extra-electromagnetic phenomena, p being taken as equal to the charge of the total number of conduction electrons available, so that the mean velocity v becomes very small. For a given current, so that pv is constant, the kinetic energy of the electrons is proportional to v, and this older viewpoint gives a kinetic energy which is extremely small in comparison with the magnetic energy of the circuit. It has therefore previously been held that it is not possible to identify the two energies, and the total energy in a stationary circuit due to the current has been taken as being equal to the magnetic energy plus a very small correction for the kinetic energy of the conduction electrons. 18 According to our hypothesis, however, the magnetic energy of the circuit and the kinetic energy of the conduction electrons are the same thing, and in a stationary current circuit the energy due to the current flow is exactly equal to either. It also follows from this theory that these very small manifestations of electron inertia in a current circuit are a necessary consequence of the momenta of the energy fluxes. We shall apply our hypothesis to the experiment of Tolman and Stewart [effect (c)] and to the Barnett effect (a). Experiments on the gyromagnetic effect have been carried out on iron rods, which are outside the scope of the paper. Inertia! Current A rapidly rotating coil is connected, by sliding contacts, in a stationary circuit which includes a ballistic galvanometer. The circuit contains no source of e.m.f., so that when the coil is at rest or rotating uniformly there is no current. When it is suddenly stopped the momentum of the conduction electrons carries them on and the galvanometer registers the charge displaced around the circuit.
Consider the coil to be rotating uniformly, with no current, with peripheral velocity w. As before, let there be N conduction electrons per unit length of wire, so that p = Ne. The momentum of these electrons, due to the rotation, is Nmwl where m is the mass of an electron. If / is the current which would have the same energy-stream momentum, we have
and and
Lp Le
The quantity of electricity displaced when the rotation is stopped will be the same as that displaced when a current of this value is dissipated in a circuit of inductance L and resistance R. Let us apply this to the case of a solenoid of the same axial length, turn area and number of turns as the toroid previously considered. For a rough calculation of the order of magnitude of the effect we may take the inductance, and hence M Q , to be the same as that of the toroid. The mass of the wire will be about 0-9kg, so that, if a current of 5 amp is stopped, the final peripheral velocity of the wire will be (11.4) The Self-Induced E.M.F. Since classical electromagnetic theory is based on Maxwell's assumption that the kinetic energy of a moving current circuit is independent of the velocity product vw, and since the existence of these electron-inertia effects shows that this is not rigorously true, it follows that the fundamental law of self-induction, when a circuit is not constrained by external mechanical forces, is no more than a very close approximation.
Consider the freely suspended solenoid, initially stationary and carrying a steady current. If the circuit is short-circuited the energy momentum will be transferred to the coil as a whole. If the total mass of the wire, M c , is taken as including the electromagnetic mass M o , and M o is taken as constant, the total kinetic energy during the acceleration of the coil is given by The mean flux density through the ring, if R is the mean radius and to the angular velocity, is
It is of interest to note that this is the same as the flux density inside a rotating superconducting sphere as deduced from the London electrodynamic theory of superconductivity. 20 By the London theory, however, the current and field should be independent of the previous deceleration, i.e. if a ring with no current is rotating with constant speed at a normal temperature and is then supercooled, the supercooling alone should generate the supercurrent. This curious result does not follow from our theory. Although the expected effect is very small, it should be possible to determine the truth by experiment.
(14) THE ENERGY REQUIRED TO ESTABLISH A CURRENT
IN A COIL ROTATING AT CONSTANT SPEED Consider a circular coil rotating about its axis with constant angular velocity, so that the linear velocity of the conductor is u, taken positive in the direction of the current (Fig. 6) . Then the total kinetic energy due to the current flow is Wo[(V -u) 2 In order to keep the velocity of the wire constant during the growth of the current, a mechanical force must be exerted on the wire of value M^dv/dt in the direction of v, or -M^dvjdt in the direction of /. Thus, in raising the velocity of the electromagnetic mass M o relative to the wire from zero to v, mechanical work must be done by the driving motor at the rate -M o udvldt, and the total mechanical work required is -M Q uv. The remainder of the required energy given by eqn. (88) must be provided by the source of e.m.f. causing the current. Thus the energy required to establish the current, apart from ohmic loss, is \Ll 2 provided electrically, and -M o uv = -uI\/(LM Q ), provided mechanically (both v and / are here taken as positive quantities). The latter term becomes positive if u is in the opposite direction to the current. The e.m.f. of self-induction is -Ldl/dt and is independent of u.
(15) THE LONDON THEORY OF SUPERCONDUCTIVITY At present the macroscopic theory of superconductivity, originally due to H. and F. London, 21 is an ad hoc modification of classical theory, an essential difference being that account is taken of the inertia of the "superconducting" electrons. Classical theory, as we have noted, neglects electron inertia. The London theory has some points of similarity with the hypothesis presented in this paper. For example, it leads to the conclusion that "supercurrents" are quantized in a macroscopic way, for a conductor as a whole, 22 and that for a large superconductor the kinetic-energy density of the superconducting electrons is equal to their magnetic-energy density. 23 However, these two energies are regarded as being distinct and additive, and not, as we have postulated, different aspects of the same thing.
It is difficult to reconcile the London equations with some of the basic relations of electromagnetic theory. For example, a fundamental equation of the theory is our eqn. (64), but with reversed sign. 21 Now the vector potential A, where curl A = B, is parallel, not anti-parallel, to a normal current in a straight conductor, so that by the London theory the induced electric field when a supercurrent changes is quite different from that induced by the same rate of change of a similar normal current. From the form of the London equations it would appear that such peculiar and rather incredible features of the theory may be related to the inclusion of both electron inertia and the equivalent self-induced electric field of classical non-inertial theory, contrary to our conclusion in Section (8) . If our present hypothesis should lead to an alternative theory of superconductivity, one would expect it to cover both superconduction and normal conduction, with superconductors appearing merely as perfect conductors (r = 0), but further discussion of this interesting problem is clearly beyond the scope of the paper.
(17) APPENDIX* In this Monograph the conventional idea of field energy has been used, and the concept of a component energy flux of the Poynting form was introduced. This led to eqn. (64) for the relation between A and v for a filamentary circuit, and in obtaining eqn. (65) it was tacitly assumed that eqn. (64) is applicable to a conductor of finite section. To justify this it is necessary to express the total magnetic energy of the current in a way which attributes it to the interior of the conductor and not throughout the whole of the magnetic field.
If T is the magnetic energy and W the total electromagnetic energy within any given volume which encloses the circuit, 24 
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where / is the total current density, including the displacement current. It is assumed that the current is quasi-steady, so that radiation of energy can be neglected. Following Livens 25 
